Using antibodies raised against two sunflower small heat shock proteins (sHSPs), we have detected immunologically related proteins in unstressed vegetative tissues from the resurrection plant Craterostigma plantagineum. In whole plants, further accumulation of these polypeptides was induced by heat-shock or water-stress. In desiccation-intolerant Craterostigma callus tissue, we failed to detect sHSP-related polypeptides, but their expression, and the concurrent acquisition of desiccation tolerance was induced by exogenous abscisic acid (ABA) treatment. In untressed plants, the cross-reacting polypeptides were abundant in the roots and lower part of the shoots, where they showed homogeneous tissue-distributions. This constitutive expression is novel for vegetative tissues of higher plants, and resembles the expression patterns of sHSPs in desiccation-tolerant zygotic embryos and germinating seeds.
Angiosperms only tolerate severe protoplasmic dehydration during the late stages of zygotic embryogenesis in seed development. In some cases, the desiccation tolerance of the mature embryo is preserved during the early stages of germination. Later in development, the vegetative tissues of most plants become desiccation-intolerant. Exceptions to this comprise different species, which include mosses (i.e., Tortula ruralis), pteridophytes (Polypodium virginianum, Selaginella lepidophyla, etc.), and even a few higher plants termed resurrection plants [7, and references therein] . Among the latter, Craterostigma plantagineum (Scrophulariaceae) has been used as model system for molecular analyses of desiccation tolerance. Most studies of Craterostigma have focused on the characterization of genes induced by dehydration [21, 22] . Many of these genes show sequence homologies with genes abundantly expressed in desiccation-tolerant zygotic embryos [reviewed in 3, 4] .
In the course of our studies on gene expression during late embryogenesis in sunflower, we isolated and characterized cDNAs encoding two seed-stored sHSPs, Ha HSP17.6 and Ha HSP17.9 [2, 11] . Their predicted amino acid se-quences matched that of members of two sHSP families classified as class I and class II cytosolic proteins [11] . In vegetative tissues, sHSPs have been shown to accumulate only in response to stress, and mostly under heat-shock conditions [24] . We showed that the sunflower seed-stored sHSPs accumulated during zygotic embryogenesis in the absence of thermal stress. Interestingly, the same polypeptides persisted during early germination, and a characteristic homogeneous and abundant tissue distribution of sunflower sHSPs was found to correlate with the desiccation tolerance of dry-seeds and young seedlings [ 11 ] . We also detected sH S P polypeptides in the vegetative tissues of sunflower, which were indistinguishable from those present in seeds. However, they only occurred in water-stressed plants, and showed a restricted tissue and organ distribution: the proteins were absent from the leaves, and were localized mostly in the lateral meristems of stressed stems and roots [1] . We and other groups have proposed the functional involvement of specific cytosolic sHSPs in the protection against and (or) recovery from the cellular damage caused by dehydration in the developing plant embryo [ 11, 13] , and perhaps also in specialized vegetative tissues [ 1] . The present work addressed the question as to whether similar correlations between sHSP expression and desiccation tolerance persist in other plant systems used to study desiccation tolerance. We studied sHSP expression in the resurrection plant Craterostigma plantagineum grown under controlled environmental conditions. Our work presents the first evidence for the constitutive expression of plant sHSPs in vegetative tissues, and suggests a possible role for these proteins in the acquisition of desiccation tolerance in resurrection plants.
To investigate the expression of sHSPs in resurrection plants and its possible correlation with desiccation tolerance, we took advantage of a well studied model system, C. plantagineum. In this system, not only differentiated tissues are desiccation tolerant, but it is also possible to induce tolerance in undifferentiated callus tissue by pretreatment with ABA [5] . Controlled growth conditions were used to ensure that during our experiments Craterostigma plants and callus were not exposed to unwanted thermal or water stress. Protein extracts from different plant organs were analysed by SDS-PAGE, followed by immunodetection using two previously characterized antisera. These antisera contain antibodies that are specific, either for class I (i.e., anti-sunflower HSP17.6), or class II (i.e., anti sunflower HSP17.9) plant cytosolic sHSPs [1] . Both antisera detected immunologically related polypeptides in the roots of unstressed plants. The anti-HSP17.9 antiserum also detected homologous polypeptide(s) in control leaves, although here they were much less abundant (Fig. 1, lanes C) . Desiccation treatment of whole plants led to a further moderate accumulation of these proteins. Thus, polypeptides, related to either H SP 17.6 and HSP17.9, accumulated in desiccated roots, between 1.5-to 3-fold higher than the control levels. In leaves, desiccation only induced the accumulation of class II-related proteins (5-fold over control level). Rehydration of the desiccated plants resulted in a reduction of the accumulation levels for the polypeptides detected in roots, whereas in leaves this decrease would be slower ( Fig. 1 ; compare lanes C, D and R). Similar results to those depicted in Fig. 1 were obtained using affinity-purified HSP17.6 and HSP17.9 antibodies (data not shown). Since these antibodies are very specific [1] , as are other plant anti-sHSP antibodies [12, 13] , our results strongly indicate that the detected polypeptides are class I and class II Craterostigma sHSPs. This is supported by the following considerations: the polypeptide(s) detected in unstressed Craterostigma tissues by HSP17.9 and HSP17.6 antibodies migrated as a single band of 18.2 kDa and as a doublet of 17.6 and 19.1 kDa, respectively ( Fig. 1) . These results are in agreement with the immuno-detection of similar size sHSP bands in both sunflower seeds [ 11 ] , and in water-or heatstressed plants [ 1] . The Craterostigma proteins appeared to be only 1-2 kDa smaller than sunflower sHSPs. In addition, heat-shock treatments of Craterostigma plants induced a further accumulation of apparently the same polypeptides in roots and in leaves. The abundance of the cross- ) antifi-galactosidase-free antisera. In this experiment, the nitrocellulose membrane was first probed with the HSP17.6 antiserum, then antibody-stripped and re-probed with anti-HSP17. 9 . Ordinate, molecular size in kDa. Plants were propagated under controlled-environment conditions: 60% relative humidity, day/night temperatures of 24 ° C/20 ° C, and a daily light period of 14 h [5] . Desiccation and dehydration experiments were performed in the same controlled environmental conditions: water was withheld from treated plants for two weeks. Desiccated plants were rehydrated by floating them in water for 15-20h [5] . Plant samples were immediately frozen and ground in liquid nitrogen. Soluble proteins were extracted in Laemmli buffer [22] . Aliquots containing 30-60/~g protein were separated in 12% polyacrylamide SDS gels and blotted onto nitrocellulose membranes using a semi-dry electrotransfer apparatus (Sartorius). Protein blots were processed for immuno-detection as described previously [ 1, 11] . The relative intensities of detected protein bands were measured by densitometric scanning of autoradiograms.
reacting polypeptides in heat-stressed organs was only about 3-fold higher than in unstressed organs (Fig. 2, and data not shown) . Protein band(s) with approximately twice the apparent size (35-38 kDa) of the sHSPs were also observed in samples from either desiccated or heat- Fig. 1 . Callus extracts following heat-shock treatments at 37 °C or 42 °C were also included (lanes 37 ° and 42 °). For comparisons, leaf or root samples from control and likewise treated plants, were simultaneously analysed with each antisera, a. Membrane probed with HSP17.9. b. membrane probed with HSP17.6. Callus was grown in vitro according to Bartels et al. [5] Callus was dried in a ventilating hood at an ambient temperature of 20-22 ° C. For the abscisic acid (ABA, cis, trans, Sigma) treatment, the callus was incubated for four days on a medium containing 1 mM ABA. For the heat-shock treatments, fully hydrated whole plants were placed in the dark for 2 h at either 37 °C or 42 °C. Callus tissues were similarly heat-stressed but for 4 h. stressed plants (Fig. 2) . These bands were only observed in samples with higher relative concentrations of sHSPs (compare Figs. 1 and 2 , data not shown); and they might be explained by noncovalent protein-protein interactions that are not fully destroyed in SDS-PAGE, as has been reported for other plant sHSPs [9] .
Similar immuno-detection experiments were performed with Craterostigma callus grown under identical environment conditions as the whole plants. Neither HSP17.6 nor HSP17.9 antisera recognized cross-reacting proteins in extracts from untreated callus. In contrast, heat-shock treatment of callus, at either 37 °C or 42 °C, resuited in the accumulation of sHSPs with the same electrophoretical mobility as the polypeptides constitutively present in the leaves and roots of unstressed plants (Fig. 2 , compare lanes C, 37 ° C and 42 ° C). This provides further evidence for the immunological identification of these polypeptides as either class I or class II, cytosolic
Craterostigma sHSPs. In addition, the absence of sHSPs from untreated callus tissue confirms that the constitutive expression of sHSPs in the vegetative tissues of whole plants was not a consequence of uncontrolled heat-stress under our experimental conditions. Another interesting observation was made using the callus system: ABA treatment of callus induced the accumulation of both class I and class II sHSPs at normal growth temperature, but the desiccation of callus did not induce these polypeptides. The ABAinduced polypeptides were indistinguishable from the proteins constitutively present in the vegetative tissues of unstressed plants (Fig. 2) . Since
Craterostigma roots and leaves are desiccationtolerant, whereas callus acquires desiccation tolerance only after ABA treatment [5] , and the expression of sHSPs at normal growth temperature correlates, in both cases, with the desiccation tolerant phenotype, normal growth temperature sHSP expression might be used as a molecular marker for desiccation tolerance. [23] , and during pollen embryogenesis [25] . However, in the absence of thermal stress, plant sHSPs have been shown to be translated only during seed maturation [ 11, 13; and references therein]. In seeds, the temporal [11, 13] as well as the spatial [11] expression patterns of cytosolic sHSPs have been shown to be similar to those of Lea (late embryogenesis-abundant) proteins. This has led to the hypothesis that specific sH S Ps are involved in desiccation tolerance [11, 13] . The homogeneous and abundant tissue-distribution of sunflower sHSPs was found to correlate with the desiccation tolerance of dry-seeds and young seedlings [ 11 ] . For that reason, the investigation of the distribution of sHSPs in unstressed vegetative organs of Craterostigma is of particular interest. A summary of the results from our sHSP tissue-print localization experiments is presented in Fig. 3 . In the roots and lower part of the shoots, polypeptides, immunologically related to either class I or class II sHSPs, showed both identical localization (Fig. 3B, 3D and data not shown) and abundance to that in the developing seeds of sunflower (the latter deduced from comparable immunoreaction times, data not shown). The distribution of these polypeptides was homogenous and it extended to the cortex parenchyma. In contrast, and as expected from results shown in Fig. 1 , only HSP17.9-related polypeptides were detected in leaves, and were not only much less abundant than in the roots but also mostly local- . Tissue prints were processed for immuno-detection following the procedures and precautions described in Almoguera et al. [1 ] .
ized in the tissues of primary and secondary vascular bundles (Fig. 3F ). These expression patterns are different from the ones previously described in sunflower vegetative tissues, where sHSPs are only observed in response to water stress and in the lateral meristems of stems and roots, but not in leaves [1] . The distribution of sHSPs in Craterostigma rather resembles the homogeneous localization of sHSPs observed in sunflower seeds and young seedlings [ 11 ] . In the resurrection plant, the homogeneous sHSP expression pattern and its correlation with desiccation tolerance are maintained beyond germination, at least in the root and the lower parts of the shoot. The more restricted sHSP expression pattern in leaves indicates, however, that gene products other than sHSPs are required for the desiccation tolerance of the whole plant. This is confirmed by the failure to confer water-stress tolerance by constitutive over-expression of seedstored sunflower sHSPs in transgenic tobacco (Almoguera et al., unpublished observations). Although the expression of sHSPs is not sufficient to confer desiccation tolerance, it could still contribute to the ability to withstand cytosolic dehydration: for example, by helping to protect and/or repair damaged sub-cellular components in specific tissues. The molecular chaperon activities recently demonstrated in vitro for animal and plant sHSPs [ 17, 18] could be important for such roles.
Craterostigma genes, thought to be relevant for desiccation tolerance, are induced in callus in response to exogenous ABA. Most of these genes are expressed in vegetative tissues in response to desiccation [3] . The present work suggests that constitutive sHSPs could also be a component of desiccation tolerance in resurrection plants. The potential functional significance of constitutive gene expression related to dehydration survival has been indicated, for example, by the detection of proteins immunologically related to dehydrins in the fully hydrated desiccation-tolerant moss Tortula ruralis [ 8 ] . Dehydrins are proteins thought to be involved in water-stress tolerance, which are also expressed during late zygotic embryogenesis [ 10] . Likewise, in Craterostigma, the promoter of dehydrin homologous gene CDeT6-19 has been shown to be active in unstressed vegetative tissues [ 19] ; and the protein encoded by CDeT6-19 (dspl6) was present at low levels in unstressed plants [22] . However, neither over-expression of a single dehydrin-like protein in tobacco, nor of other water-stress inducible Craterostigma proteins, was sufficient to confer phenotypical changes related to desiccation tolerance [16] . Thus, desiccation tolerance in resurrection plants would be a consequence of the concerted action of an array of different genes that results in changes in protein synthesis and carbohydrate metabolism [3] . Work reported here brings sHSPs genes into this complex scheme. Constitutive genes, including those encoding cytosolic sHSPs, could complement the roles of other desiccation-induced genes by providing some protection even in the fully hydrated state. Craterostigma gene promoter analysis has suggested that there might be differences in gene regulation between desiccation-tolerant and non-tolerant plants: In transgenic tobacco, the Craterostigma promoter cDeT27-45 was only active in desiccation-tolerant seeds and pollen grains, but not in other water-stressed non-tolerant tissues; whereas, in Craterostigma, the cDeT27-45 protein was strongly induced in all organs by desiccation [20, 22] . The expression of sHSPs well beyond embryogenesis and germination in the unstressed tissues of Craterostigma indicates another of these differences in the regulation of gene expression, although its actual functional significance remains to be determined.
